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ABSTRACT
The automotive industry is currently struggling because of the increasingly stricter
emissions standards that will take effect in the near future. Diesel engine emissions are
of particular interest because they are still less understood than gasoline powered internal
combustion engines. On the solid side of the exhaust emissions picture, particulates, or
Soot and Ash, play the most important part. It has been found that ash is mostly a
product of the fuel and oil composition. An oil consumption measuring system is then
necessary if the relationship between oil consumption and ash increase in the sump oil
and exhaust system is to be properly determined. This Thesis project consisted of
experimentally measuring the variation of oil sump composition of a single-cylinder
diesel generator set during a continuous running, steady state test. This was measured
using ICP-AES (ICP-OES) elemental analysis technique, and the Total Base Number for
the oil was also determined. An effective and reduced cost oil consumption and
replenishing system was developed with this purpose. The oil composition analysis
demonstrated that the concentration of inorganic/metallic compounds (Ca, P, Zn, Mg)
that contribute to ash increased throughout the test, jointly with oil consumption. The oil
consumption measuring system developed was also found to be fairly accurate; with an
approximate 2.2% error, probably due to oil hold-up. These results were then used to
determine the possible effects of oil composition and oil consumption on Ash emissions
and exhaust aftertreatment technologies.
Thesis Supervisor: Victor Wong
Title: Lecturer of Mechanical Engineering
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CHAPTER
1
INTRODUCTION
The automotive industry is currently struggling because of the increasingly stricter
emissions standards that will take effect in the near future. Diesel engine emissions are
of particular interest because they are still less understood than gasoline powered internal
combustion engines. Diesel engines have traditionally being utilized for large industrial
or marine applications, but in the past few years, especially in Europe there has been an
increased production of diesel powered passenger cars.
In contrast to gasoline engines, diesel engines have a significant amount of
particulates in the emissions, in addition to some of the harmful gases denoted as NOx,
CO, unburned hydrocarbons, and others. On the solid side of the exhaust emissions
picture, particulates, or Soot, and Ash play the most important part. Currently, particulate
emissions are being dealt with through the use of a Diesel Particulate Filter (DPF). On
the other hand, very little is known about Ash. Ash basically consists of metals, which
result from reactions in the lubricating oil during the combustion process inside the
cylinder. Sulfur and sulfates can also bond the metals in the Ash. The main problem
with Ash is that it blocks the DPF and the sulfur poisons the catalyst, decreasing
performance in the emissions aftertreatment system. Ash mostly results from detergents
and additives in the oil used to prevent wear and increase useful lifetime. It is important
to characterize the how exactly Ash is created, and the transport processes inside the
lubricant oil, piston and exhaust system if a solution is to be determined and emission
regulations are to be met.
Current methods being used in tests to reproduce ash compounds require long
engine runs, during which the oil properties are not be modified externally, e.g. by the
addition of new oil. The problem is that oil consumption in engines is inevitable, and the
engine cannot be allowed to run below the safe oil level for operation. It is then
11
necessary to create an oil consumption measurement system that can also replenish the
oil in such a way that the rates at which processes occur after the addition of the new oil
do not affect the overall composition, thus allowing for longer test runs and the collection
of a greater amount of data.
This Thesis project consists of experimentally measuring the variation of oil sump
composition of a single-cylinder diesel generator set during a continuous running, steady
state test. The oil composition will be then measured using ICP elemental analysis
techniques, and the Total Base Number will be also determined. To achieve this, an
effective and reduced cost oil consumption and replenishing system will also be
developed and compared to existing oil consumption measuring techniques. These
results will then be used to determine the possible effects oil composition and oil
consumption on Ash emissions and exhaust aftertreatment technologies, as well as on the
environment.
12
CHAPTER
2
DIESEL ENGINES
2.1 Diesel Engine Operation
The importance of diesel engines has been increasing in the past decade, not only in
the commercial sector, but in passenger cars as well. The rising interest for diesel
engines is mostly due to its higher efficiency, which then translates into lower fuel
consumption. The emissions related to this higher usage of diesel engines are a growing
concern as far as the environment and health hazards go. In order to appreciate why
diesel emissions need to be seriously addressed, it is important to first understand how
diesel engines work, and what the causes for the possibly harmful emissions that arise
from these engines are.
Diesel engines are compression-ignition (CI) internal combustion engines. This
type of internal combustion engine (ICE), in contrast to a spark-ignition (SI) engine, does
not rely on an external source, e.g. a spark discharge, to initiate combustion in the
cylinder. As the name might suggest, ignition is initiated spontaneously after the air-fuel
mixture is compressed. Diesel engines are not throttled, so the load is controlled by the
amount of fuel injected into the combustion chamber. Most modern Diesel engines make
use of direct-injection, where the fuel injector sprays the fuel directly inside the cylinder.
In these direct-injection (DI) Diesel engines, only air is inducted into the cylinder. A
simple physical schematic of a diesel engine can be seen in Fig. 2.1.
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Figure 2.1: Schematic of diesel engine design and operation [1].
This intake air is then compressed during the compression stroke to around 30 to 55 bar
in naturally aspirated (NA) engines, or 80 to 110 bar in supercharged engines, reaching
temperatures of 700 to 900degC. Before the piston reaches its highest position, or Top
Center (TC), the fuel is rapidly injected into the cylinder. Because of the extremely high
injection pressures of 1000 to 2000 bar, the liquid fuel jet is atomized and can then
entrain the already compressed air. High temperatures and pressures in the cylinder
permit the evaporation of the liquid fuel, which can then mix with the air to within
combustible proportions. Once the temperature and pressure are above the fuel's ignition
point, the non-uniform fuel-air mixture spontaneously ignites (autoignition). As energy
is being released through the heterogeneous combustion process, the pressure is increased
even more. The burned gas is then expanded and work can be extracted from the engine.
Fig. 2.2 below shows a sample cylinder pressure vs. engine crank angle diagram for a
compression ignition engine.
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Figure 2.2: Sequence of events during compression, combustion and expansion processes of a naturally
aspirated compression-ignition engine operating cycle. The top graph represents fuel injection rate into the
cylinder. The bottom graph corresponds to cylinder pressure. Not shown is the delay period in pressure
rise once the fuel is injected [2, p. 28].
The diesel engine is well known for its higher efficiency relative to the conventional
gasoline-fueled spark-ignition engine. This higher efficiency is the result of several
essential features only present in the Diesel engine cycle.
The compression ratio, which is defined as the ratio of the total volume to the
clearance volume (minimum volume in the combustion chamber when piston is at top
center), is much higher than typical SI engine values. In gasoline spark-ignition engines,
where the fuel is normally injected indirectly and the fuel-air mixture is already
premixed, autoignition is not desired because of the resulting "knock" phenomenon. In
SI engines, knock can be damaging if frequent, but it is mostly a nuisance because it can
be audible to the driver. The direct injection in Diesel engines eliminates this knock
problem, and allows compression ratios to in the region of 12 to 24, with 15 being the
norm. A second important criteria, which affects the efficiency of Diesel engines is the
overall lean operation. Diesel engines must operate lean due to the non-uniformity of the
air-fuel mixture, where enough air is necessary to achieve local stoichiometric
combustion in the flame. Also leaner mixtures achieve higher temperatures prior to
combustion, which aid in the process of spontaneous ignition. Lean mixtures increase the
efficiency because for a given volume-expansion ratio, the burned gases expand through
a larger temperature ratio prior to exhaust; therefore increasing the expansion stroke work
15
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per unit mass. Fig. 2.3 below shows the fuel conversion efficiency dependence on
compression ratio and fuel/air equivalence ratio according to Fuel-Air Cycle results.
These cycle simulations deal with accurate properties for the working fluids, but employ
ideal cycle calculations. The values for modem engines are in the range of 85% of the
ones determined from these Fuel-Air Cycle results.
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Figure 2.3: Fuel-air cycle results for indicated fuel conversion efficiency as a function of compression
ratio and equivalence ratio [2, p. 182].
In addition to this higher efficiency due to the overall lean operation, diesels have
reduced pumping losses because the air is not throttled. The engine load in diesel engines
is controlled by the amount of fuel that is injected into the combustion chamber. This
means that the pressure losses at part-load in diesels are much lower than in throttled
spark-ignition engines, where the pressure is reduced below atmospheric to control the
output of the engine.
2.2 Diesel Engine Emissions
Diesel engines are more fuel efficient than spark-ignition engines because of its
operational characteristics. But this does not mean that they are cleaner. Both spark
ignition and diesel engines are major contributors to urban air pollution. The contents of
the exhaust gases include, in addition to the normal products of combustion carbon
monoxide (CO2) and water (H20), oxides of nitrogen (nitric oxide, NO, and a small
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amount of nitrogen dioxide, NO2) collectively called NOx, carbon monoxide (CO) and
organic compounds in the form of burned or unburned hydrocarbons (HC). Solid
particles called soot composed of heavier molecular weight HC compounds also form
part of the engine emissions, even more importantly in diesels. Although not a
substantial portion of the emissions, metallic, non-volatile compounds designated as ash
and sulfur derived compounds are also formed mainly due to oil consumption and fuel
composition. A representative diagram of the different emission concentrations based on
the fuel/air equivalence ratio is shows in Fig. 2.4.
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Figure 2.4: Variation of HC, CO, and NO concentration in the exhaust of a conventional spark-ignition
engine with fuel/air equivalence ratio [2, p. 571].
NO, emissions are normally linked to close to stoichiometric operation, but on the
lean side. Their concentrations decrease substantially as mixtures become too lean or
rich. It has been proven, that NO, formation has a strong dependence on high
temperatures, which usually peak at or near stoichiometric combustion. Formation of CO
is mostly associated with rich operation. The lack of enough oxygen in these rich
mixtures results in incomplete oxidation of the fuel to form CO2. HC emissions are also
affected by incomplete combustion in the cylinder, but also many other mechanisms play
a big role in preventing the necessary oxidation of these organic compounds. A more
detailed graph can be seen in Fig. 2.5, where the formation of the different emission
17
components as a function of temperature and equivalence ratio is described in more
detail.
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Figure 2.5: Regimes of high NO, and PM formation as a function of temperature and
equivalence ratio [3].
2.2.1 NOx (NO and NO2)
The processes that regulate the formation of harmful emissions in diesel engines
can be much more complex than in SI engines. Because of its overall lean operation,
Diesel engines do not have a significant amount of CO emissions. On the other hand,
NOx emissions from diesels are comparable to the ones from spark-ignition engines,
although slightly lower also due to the lean operation. As stated before, high combustion
chamber temperatures have a big effect on NOx formation, and because diesel engines
have higher compression ratios than SI-engines, in-cylinder pressures and localized
temperatures are also higher. These higher temperatures, even if not operating
stoichiometrically, facilitate the production of NOx as part of the exhaust gas. It can be
seen from Fig. 2.6 how the rate of NO formation, which constitutes most of the NOx
emissions, depends on fuel/air equivalence ratio and temperature.
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Figure 2.6: Initial NO formation rate, mass fraction per second, as a function of temperature for different
equivalence ratios (P) and 15 atm pressure [2, p. 575].
NOx emissions can be very harmful to the environment, given that NO 2 is a
poisonous gas, and NO easily oxidizes into NO2 when diluted into the environment.
Fortunately, NOx, CO and vapor HC emissions can be reduced substantially with the use
of a catalytic converter, in conjunction to modifying the engine operation itself. One of
the most common catalytic converter configurations consists of a honeycomb structure or
monolith held in a metal can in the exhaust stream. The monolith membrane is
impregnated with an active catalytic material that reacts with the exhaust gas, which in
this case reduces the NOx into atmospheric nitrogen N2 and water. The only problem is
that regular catalytic converters used in SI engines can only work effectively if the
exhaust gas mixture is at stoichiometric proportions. Diesels operate lean overall, so
achieving exhaust stoichiometry is normally not possible. Specially designed catalytic
converters must be employed in diesel engines if effective emission control is to be
achieved. One of the current designs is called a Selective Catalytic Reduction (SCR),
which utilizes an exhaust agent containing ammonia in the reduction process of NOx.
Aside from its effectiveness, it raises some questions about secondary emissions when
using this outside agent, that itself can be harmful to the environment and a health hazard.
A general schematic of how an SCR works and what chemical reactions take places is
presented below in Fig. 2.7.
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Figure 2.7: Selective Catalytic Reduction system employing Urea (ammonia compound) to decrease NOx
emissions in diesel engines [4].
2.2.2 Particulates and Soot
Even though NOx is an important source of air pollution from diesel engines,
particulates, which are more specific to diesel engines, are one of the major contributors
to the diesel emissions problem. The air-fuel mixture in the diesel combustion process is
inherently heterogeneous. This means that even though some parts of the flame is
burning stoichiometrically, other regions can be extremely lean or rich. Fig. 2.8
demonstrates how soot is distributed in the diffusion flame that occurs during combustion
in a diesel engine.
3ot (high)
Diffusion nlame
Figure 2.8: Schematic illustrating the mixing controlled process and regions of a diesel fuel spray where
soot varies in concentration [4].
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In the fuel-rich vapor region of the spray, formation of larger hydrocarbon chains or
compounds occur, which then condense and form nuclei for particles called soot. These
nuclei can then grow to form soot spherules around 30 nm in diameter, and agglomerate
into clusters and chains on the order of a thousand spherules per particle. Even though a
substantial fraction (-75%) of the soot formed inside the cylinder is oxidized prior to
exhaust, the fraction that does escape is then diluted in the atmosphere, absorbing
condensed hydrocarbons with higher molecular weight from the unburned fuel and
vaporized oil, and creating even larger soot particles. Depicted in Fig. 2.9 is
representation of how these particles form and interact to form larger particle
agglomerates that contribute to soot emissions.
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Figure 2.9: Schematic representation of the diesel emission particles and formation stages [5].
These soot particles are one of the biggest concerns with diesel emissions. Diesel
particulate filters or traps are currently being developed to control the emissions of these
solid organic particles. Particulate filters use porous ceramics and catalyst to collect and
burn the soot. The design is similar to a catalytic converter, but the exhaust is redirected
in a different way within the honeycomb membrane, so as to effectively trap the soot,
and, when at sufficiently high temperatures, to oxidize and burn it. This technology has
proven to be very effective. Fig. 2.10 illustrates the general form and function of a DPF,
with a zoomed-in view of how it interacts with the exhaust gas flow, filtering the stream
of soot particulates and ash-compounds.
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Figure 2.10: Diesel particulate filter general form and function. Close-up view of exhaust gas flow
through a particulate filter is also shown [6].
One of the problems encountered when using particulate filters is that because diesel
engines operate lean over all conditions, the exhaust gas is not hot enough to bum off the
soot. Several techniques are being employed, including the periodic active heating of the
exhaust gas flowing through the trap, or the addition of catalytic materials in the filter
that lower the ignition point of the soot.
2.2.3 Oil Consumption and Ash
In modem diesel engines, organic soot particles, NOx and HC are not the only
components of the exhaust emissions. Incombustible metallic compounds, and sulfur
derived molecules have also been found. Ash is the term used to designate this
component of the emissions found largely in diesel engines. It has been found that ash is
mostly a product of the fuel and oil composition. The five (5) predominating causes of
oil consumption are shown in Fig. 2.11 below.
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Figure 2.11: Oil consumption sources [7].
Part of the sulfur emissions comes from the fuel. The rest of the ash compounds
can be largely attributed to the lubricant composition. In order to improve performance
of the oil, e.g. useful life, wear protection, among some of them, a wide range of
additives are mixed in the oil. These additives can include detergents, dispersants, anti-
wear, anti-oxidants, friction modifiers, anti-foam, etc. In internal combustion engines,
the oil is used to lubricate the valve train and the power cylinder system. Within the
power cylinder, oil is supposed to be scraped off the cylinder liner by an oil control ring.
Because the clearances are not perfect, a small amount of oil is then exposed to
combustion and evaporated, or even thrown off the piston into the exhaust as an
unburned hydrocarbon source. The particulates formed from the oxidized oil can include
sulfur (S), phosphorus (P), calcium (Ca) and other incombustible metallic compounds
grouped in what is called Ash.
Ash is not currently being dealt with any specific exhaust aftertreatment system
aside from particulate filters used to trap soot emissions. Furthermore, it is considered a
serious problem for a couple of reasons. First, the ash compounds are incombustible, so
there is no way to oxidize them into harmless emissions. Second, because of this
inability to oxidize them, the metallic compounds can physically plug particulate filters
or catalytic converters, reducing their efficiency and useful life. The sulfur compounds
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can also chemically poison the catalyst, which will also result in lower emission control
efficiencies. For this reason, the formation and transportation processes of ash
compounds are currently being researched, in an attempt to determine how can ash
formation be lowered or eliminated, and if not, how can the exhaust treatment
technologies be adapted to treat these inorganic emissions so that they do not decrease the
performance of the much needed catalytic converters and particulate filters.
2.2.4 Current and Future Emission Standards Regulation
In order to put things in a real world perspective, it is important to examine the
current emission limits and the even more stringent limits that will be set in 2007. This
way, it will be possible to understand why the optimization of diesel aftertreatment
systems is so important, and so much research effort is being invested in determining the
sources of the detrimental effects in these.
Emissions regulations for diesel engines are divided into three categories: On-road
light-duty, on-road heavy-duty, and non-road heavy duty. The emission standards for
each vary because of different operating conditions and volume of usage. The US,
Europe and Japan have already submitted proposals for future emission standards, and of
specific interest are the Particulate Matter (PM) and NOx regulations. Fig. 2.12 shows a
general comparison between the future light-duty diesel regulation for the US, Europe,
and Japan. For reference, today's European (Euro IV) standards are 0.025 g/km PM and
0.25 g/km NOx. Japan standards are 0.013 g/km PM and 0.14 g/km NO. It can be seen
that the average NOx emission standards for the US are substantially lower than in
Europe. In order to achieve these emission goals, the US will require unique engine and
aftertreatment technology from Europe and Japan. In general, high performance and
efficiency emission control technologies have to be developed if these regulations are to
be met at all.
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On-road heavy duty diesel standards are also being dealt with in a similar fashion.
Fig. 2.13 presents the emissions standards, including estimates of engine emissions
performance. Not shown is the anticipated Euro VI proposal, which will likely lower the
emission levels to US2010 and Japan 2009 ranges (<1.0 g/kW-hr NOx and <1.0 g/kW-hr
PM). Worth noting is the fact that the US has a Not-to-Exceed (NTE) part of the
regulations, which limit peak emissions even at full load, whereas in Europe and Japan
only test cycle average emissions are less than the limit values. This will demand the
very challenging task of improving high emission reduction efficiency, even at high load
conditions.
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Figure 2.13: General comparison of on-road HDD standards in the US, Japan, and Europe. Estimated
engine-out emissions for 2007 and 2010 (range) are shown. [3]
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Emerging non-road diesel engine regulations are about double the on-road
standards in relation to the absolute levels. All three major automotive sectors, US,
Europe and Japan, are moving in similar directions regarding regulations for non-road
diesels, and it is expected that technologies that have been applied to on-road engines will
be implemented into these non-road ones. Fig. 2.14 demonstrate the evolution of PM and
NOx regulations over the next decade.
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Figure 2.14: Future US and European non-road regulations for 50 to 750 hp engines [3].
2.3 Diesel Engine Research
A great deal of research is being currently done to optimize diesel engine emissions
control. The main interest of this project is to investigate the relationship of oil
composition on the formation of Ash and Ash-related compounds, and how this Ash
affects exhaust aftertreatment performance, through processes such as oil consumption.
This section is an attempt to discuss some of the previous research and findings in a brief,
but sufficiently detailed way, where the important observations can be easily understood.
In the past decade, there have been a number of major publications, mainly
coming from companies specializing in Lubricants, treating the lubrication derived effect
on diesel aftertreatment system performance. A summary of the findings was prepared
by Kristian Bodek from the Sloan Automotive Lab at MIT as a presentation for the
Consortium to Optimize Lubricant and Diesel Engines for Robust Aftertreatment
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Systems [8]. In terms of Diesel Particulate Filters (DPF), it has been found that oils with
higher initial ash composition have a greater effect on DPF performance when compared
to low ash oils. In addition to relative quantity, DPF performance also depends upon the
actual makeup of the ash, as well as its physical quantities of mass and volume.
Interestingly, when analysis of deposits was made, it was observed that the amount of ash
in these deposits is consistently lower than expectations derived from initial oil ash
percentage and oil consumption calculations. There is also a disparity between the
elemental proportion found in fresh oil and the one obtained from a trap in the exhaust.
There is no general consensus among studies regarding the ash loading process in the
particulate trap. Two catalytic converter technologies were also addressed in these
studies, SCR and LNT. The operation of the Selective Catalytic Reduction (SCR)
method was presented above in the Diesel Emissions Section. In short, it was discovered,
that SCR catalysts are incredibly resistant to chemical poisoning due to sulfur and
phosphorus emissions in the exhaust gas. LNT, which stands for Lean NOx Trap, is not
as resistant poisoning, but when comparing sulfur measurements in the catalysts and what
oil consumption calculations predict, the results have been found to correlate fairly well.
Sulfur does have a significant impact on LNT efficiency, but given the sulfur levels in the
fuels, the effects from the oil contribution in the experiments seem to be negligible.
In addition to the research from private lubrication based companies, governmental
agencies and research institutes have also taken up the task of seeking solutions for the
diesel emissions problem, some of the also focusing on the effects of ash-compounds in
the exhaust aftertreatment system. One of the projects from the Department of Energy
(DOE) studied the lubrication effects on engine emissions as its first phase. They
concluded that almost every emissions component is affected by oil formulation. Also,
the Southwest Research Institute let a consortium for 2 years concerned with lubrication
oil effects on DPFs, thus its effect on engine performance and emissions. After a
substantial engine running time, they did not find adverse effect on particulate filter
efficiency. They also determined that the pressure increase in the exhaust correlate to
phosphorus and/or sulfur more than oil ash percentage.
Many more detailed results are available, but the brief presentation above should
suffice to recognize the type of effects that ash has on the emissions control systems. The
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benchmarking of these test results will aid in determining which the best experimental
and analytical techniques are, and facilitate the interpretation of the results obtained from
the experimental setup equipped specifically for the project this thesis is based on.
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CHAPTER
3
OIL COMPOSITION ANALYSIS
It has been proven that ash-related emissions depend on oil composition. Also, in
order to determine how the oil makeup varies with time, and hence how the ash emissions
would vary with time, several techniques can be employed. More specifically, in this
project the elemental inorganic composition of the oil was desired, in addition to Total
Base Number Measurement. In the following section, these methods used to analyze the
oil samples will be discussed.
3.1 ICP-AES (ICP-OES)
Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES), also
known as Optical Emission Spectrometry (ICP-OES), is not a new technology, but
recently it has become one of the most versatile methods of inorganic analysis. The basic
operation principle consists of producing excited atoms or the elements themselves that
release emission rays (electromagnetic spectrum rays) as they returned to their non-
excited state. The wavelength of these emission rays are measured and associated with a
particular element wavelength. The concentration of the element in the sample is
indicated by the intensity of the wavelength emission. This excitation is provided by
plasma energy into the sample to be analyzed. This plasma is generated by the ionization
of argon gas. The equipment for ICP optical emission spectrometry consists of a light
source unit, a spectrometer, a detector and a data processing unit. The equipment used
will depend on the spectrometer and the detector. One of the most common types, the
sequential type, is show below in Fig. 3.1.
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Figure 3.1: Sequential Type ICP-OES [9].
3.2 Total Base Number
The Total Base Number (TBN) measures the lubricants reserve alkalinity, which
aids in the control of acids formed during the combustion process. Because the oil is
continuously exposed to acidic combustion products, neutralization of the oil is necessary
in order to prevent corrosion of the upper piston, piston rings, top end bearing and even
valve train. Corrosion normally occurs during an extended period of time, which is the
reason why engine oil is not necessarily changed as often. Additionally, low TBN is
indicative of reduced oil detergency. An excessively high basicity can also impact
negatively oil performance.
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CHAPTER
4
OIL CONSUMPTION MEASUREMENT
4.1 Existing Oil Consumption Measuring Techniques
It has been observed that ash has a dependence on oil consumption. An oil
consumption measuring system is then necessary if the relationship between oil
consumption and ash increase in the sump oil and exhaust system is to be properly
determined. Many oil consumption measuring systems are currently available, and each
of one has their advantages and disadvantages.
One of the simplest designs of oil consumption measurement systems used by
Cummins diesel engines is the Gravity Fed System. The system consists of an external
tank connected to the sump, where the level in both remains the same through the use of
an equalization or vent tube that maintains the same pressure above the oil in both the
engine and oil cart. As oil is consumed and the level in the sump decreases, so does the
level in the external tank. When it reaches the minimum value, a needle valve is opened
and the external tank is refilled, maintaining a relatively constant oil level in the sump,
and assuring safe operation. Oil consumption is measured by the change in weight of the
oil supply tank. Fig. 4.1 shows a simple schematic of this Cummins Gravity Fed system.
Equalizatfcn
Vasve
Figure 4.1: Gravity Fed Oil Consumption Measuring Technique [10].
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The Gravity Fed System presented above is inexpensive and simple, but it has
several disadvantages, including operator dependent setup, erroneous measurements due
to varying load, measurement of oil leaks, and long stabilization times. Several other oil
consumption systems have been developed to resolve some of these issues. The current
design by Cummins is called the Smart Oil Consumption Measuring System. The system
does use some of the conventional measurement techniques such as the Gravity Fed
System, but different in a sense that it uses a control system (PID controller) with a level
sensor in the oil pan to continuously provide refilling oil, maintaining a constant oil level
throughout operation. The oil consumption measurement is indicated by the rate at which
fresh oil flows into the system in order to keep the level constant. The system can be
better understood with the use of Fig. 4.2 below.
op Oil
fill il
Figure 4.2: Smart Oil Consumption Measuring System Diagram [10].
4.2 Design and Development of Oil Consumption Measuring System
An oil consumption measuring system was built in order to accurately correlate the
ash formation in the engine with oil composition measurements. As seen before, several
oil consumption measuring systems already exist, each with its own advantages and
disadvantages depending on the actual use of the system. For this project, a system that
can be considered the middle ground between the Cummins Gravity Fed System and the
Start Oil Consumption Measuring System was developed. This middle ground consists
mostly on actual design, not necessarily on operation.
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Fig. 4.3 shows the overall schematic of the oil consumption measuring system
developed for this project.
VaccumrPes sure
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Figure 4.3: Schematic of oil consumption measuring system designed for the project.
The design and basic operation of the system is fairly simple. When a measurement
needs to be taken, the engine must be first stopped, so as to prevent crankcase pressure
effects on the measurements. Oil is then suctioned from the sump into a cylindrical
container with help of a set of diaphragm air pumps mounted as one unit. The unit was a
Thomas Industries, Inc. model 2107CE18. The pump unit was rated at 115 V and 0.7 A,
operating at a frequency of 60 Hz as expected. One of the pumps was used as the suction
pump, and the other was as a pressurizing pump. The suction and pressurizing sides were
each connected through /4" (6.35 mm) stainless steel tubing to brass ball valves, which
were used as switches when vacuum or pressure was desired. In addition to these, a
needle brass valve was integrated into the system so that the air flow, hence the oil flow,
could be controlled. The actual system can be seen in Fig. 4.4 below.
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A. Pressure pump
B. Vacuum pump
C. Air intake (A.)/exhaust (B.)
D. Air intake (B.)/exhaust (A.)
E. Pressure/vacuum selection ball
valves
F Flow control needle valve
G. Power Supply
Figure 4.4: Diaphragm air pump system used to extract from and return to the oil sump when oil
consumption measurements are desired.
The pumps were then attached through a rubber plug to the top of a glass cylindrical
container (burette) with a nominal volumetric measurement of 500 mL. The bottom of
the cylinder is then connected to the line running into the oil sump. The glass container
was placed on a compact digital bench scale with a stainless steel platform capable of
sustaining a maximum of 6 kg. A sampling line was also included between the burette
and the oil sump with another brass ball valve, which made the oil sampling process
much easier and accessible. The tubing used for the flexible connections transporting oil
were a yellow Tygon PVC tubing designed specifically for fuels and lubricants of /2"
(12.7 mm) ID, and was connected using barbed hose fittings. Fig. 4.5 shows relevant
pictures of the system with descriptions of each component.
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A. Glass cylidrical container (burette)
B. Plug (air pump connection)
C. Scale
D. Sampling ball valve
E. Fabricated dipstick element
F. Diaphragm pump system
G. Fuel/Lube Tygon PVC tubing
Figure 4.5: Oil consumption measuring system with important components listed. Closed-up views of
sampling line and digital scale setup are also shown.
The circuit was then connected to a specially designed dipstick element that plugged into
the engine as a regular dipstick, but the 1/4" (6.35 mm) stainless tube permitted the
transport of oil from the sump into the oil consumption measuring system. Stainless steel
was desired due to corrosion concerns with the engine oil. A small ball valve had to be
attached to the top of the element in order to preserve the pressure inside the crankcase.
The system oil transport hoses were made as short as possible, and mounted in a high
position relative to the engine and oil sump to minimize lubricant holdup in the lines.
Valve and tubing sizing were also selected taking this into account. Stainless steel and
Yor-Lok brass compression tube fittings were mounted for the prevention of oil and air
leaks. Fig. 4.6 illustrates the actual components as installed in the oil consumption
measurement system and a closed-up view of the dipstick element created.
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A. Oil consumption measuring system
B. Engine
C. Dipstick element (installed)
D. Dipstick element
E. OEM dipstick
Figure 4.6: Installed oil consumption measuring system. Fabricated dipstick element is compared to the
OEM dipstick on the top right picture. Close-up view of dipstick element installation in engine is shown in
bottom right.
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CHAPTER
5
EXPERIMENTAL SETUP AND TEST PROCEDURES
5.1 Engine Setup
The engine selected for the project was chosen for several specific characteristics.
First of all, it was necessary that the company providing have good technical support and
design information available in case modifications needed to be made. The engine was to
be preferably small for easy handling and modifications, and it would facilitate aging
studies without high fuel consumption. Relatively simple disassembly of the engine was
also a major concern. Oil would need to be sampled from within the cylinder and also the
piston would need to be removed for deposit analysis, so having an easy to remove
cylinder head and cylinder liner were very important criteria. A generator set was
preferred because a dynamometer is already fitted along with the associated electronics.
A relatively simple engine/generator coupling interface would also be helpful. Other
important factors have to do with crankcase/oil sump assembly and access to important
lubrication loop components which would probably need to be either modified, or
disassembled frequently.
The test engine finally chosen was a Lister-Petter TRI Diesel Generator. The
engine was a simple air-cooled, 1-Cylinder 0.773 L, directly injected diesel engine. Air
cooling was provided by means of a flywheel mounted fan. The engine was designed for
continuous operation in ambient temperatures of up to 52degC. The oil was cooled with
the use of air flow over deep finning in the crank case. Oil sump capacity was rated as
2.7 litre. The engine was electrically started, with a mechanical governor to operate the
engine at steady conditions. The compression ratio of the engine was 15.5:1, a typical
value for a diesel engine. Engine power was rated at 5.5 kW at 1500 rev/min, which was
the approximate range of steady state operation in this project. The fuel tank provided by
the engine manufacturer was replaced with an external 31 US gallon (117.35 L) tank. A
37
visual fuel level indicator was fitted to the tank. The rated fuel consumption value at
75% load was 1.2 litre/hr. Fig. 5.1 below demonstrates the typical engine features that
would be encountered in the TR1, 2, and 3 engine series. The TR2 model is presented
below, but the TR1 is essentially identical, except with only one cylinder.
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Figure 5.1: Typical features of the Lister-Petter TR1 (TR2) series engine [1 1].
The electrical load for the generator was provided through a 5.76 kW external bank
of resistors. The 16 resistors in the bank consisted of electrically conducting rods, each
providing 10 ) of resistance. In order to achieve the desired load, four (4) equivalent
resistors of 40 0, each consisting of four (4) conducting rods connected in series, were
connected in parallel, with a maximum current of 6 A flowing through each. Each of the
four stages of resistors provided 1440 W of power. A set of on/off switches were
mounted onto the resistor bank in order to provide variable resistance capacity so that the
load on the engine could be adjusted from 0 to 100% in 25% intervals. In other words,
the power could be adjusted from 1.44 kW to the maximum of 5.76 kW in 1.44 kW
increases. For security reasons, a breaker switch that cuts power from the engine in case
of an overload was also included. Fig. 5.2 shows an electrical circuit diagram of the
resistor bank.
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Figure 5.2: Resistor bank circuit diagram with 4-stage load capability (- 25 - 100 %)
5.2 Testing
The setup was ready to be tested once the resistor bank was connected to the
engine. The engine was verified for leaks and the ones found were fixed. The oil sump
plug was replaced by a ball valve connection in order to easily sample the oil. Fig. 5.3
shows the finalized test setup with all of the important components listed.
A. Lister-Petter 1-cyl diesel engine
B. Oil filter adapter (Lutek)
C. Intake
D. Exhaust
E. Dyno/Generator
F. Battery
G. Resistor bank
H. Voltmeter/ammeter
I. Fuel tank
Figure 5.3: Test engine setup with major components listed.
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The first test consisted of measuring the real engine power levels and fuel
consumption. This permitted the determination of the best engine operation range for the
oil composition and oil consumption testing, and establishing the re-fueling procedure.
Because of actual operating conditions may differ from the ones used to establish the
rated performance figures, it was expected that the actual values obtained from engine
power and fuel consumption would also be different.
Fuel consumption was determined by measuring the time it took to burn the diesel
fuel in a 12 US gallon (18.93 L) tank during steady state operation at 75% load. The
value calculated was 2.27 liter/hr.
Engine power levels were measured by varying the load from 25% to 100% in 25%
steps. Voltage and current were recorded from the voltmeter and ammeter integrated into
the engine/resistor bank setup. Power was then calculated using the electrical power
relationship P = IV, where I is the current and V the voltage. The measured and
calculated values are summarized in Table 1 below.
Measurement Voltage (V) Current (A) Power (kW) Approx. Load (%)
1 250 6.5 1.625 30
2 245 12 2.94 53
3 235 17.25 4.054 74
4 185 18 3.33 61
Table 5.1: Measured electrical load from the resistor bank.
It can be seen that the values measured correlate well with the design values fairly well,
with the exception of the 100% load (Measurement #4). At 100% load, it seemed as the
engine operation reached an overload state where the fuel injection capability was
maximized for the specified load, and the engine speed had to drop. Lower engine
speeds for a given load meant lower voltage and power than expected, hence lower
power. It was concluded then that the engine could not be operated at 100% load if
representative results were to be obtained, in addition to the fact that operating the engine
at full load continuously would be detrimental to the engine.
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The next tests were performed with the intention of sampling the oil from the sump
and analyzing it using ICP and TBN techniques. The oil composition over time would
then be determined. The first engine run was done during the 125 hr break-in or run-in
period, where oil with special additives must be used. Samples were taken approximately
every 15 hrs. Engine oil was measured throughout the test and the oil level was
compensated for oil consumption. The elemental inorganic composition of the oil was
then analyzed using ICP. The second and third runs were done at similar conditions, but
only lasted 74 hrs and 50 hrs respectively. Due to the relatively short engine runs, sump
oil was sampled at the beginning and end of the tests. Oil samples were one again
subjected to ICP and TBN measurements.
It is worth noting that part of the tests consisted of using oils with different initial
properties in order to more accurately determine how this composition affects oil
consumption, and thus how it affects ash formation and evolution in the oil. Also, new
oil filters currently in the research stage were to be tested against traditional oil filters for
using the oils with different makeup. Due to time constraints, only traditional oil filters
were able to be tested, and the elemental composition was only determined for one oil
type.
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CHAPTER
6
RESULTS AND DISCUSSIONS
6.1 Sump Oil Composition
Three tests in total were performed where oil was sampled in the sump and
subjected to ICP elemental analysis and Total Base Number (TBN) measurement. Oil
used was a 15W-30 grade oil and the fuel was a low sulfur formulation (400 ppm). The
results from the tests were then tabulated and trends were observed. In order to facilitate
the understanding of the processes that are going on in the oil, the data was presented as
the percent change relative to the initial value. Fig. 6.1 shows the results from the first
test performed during the run-in or break-in period.
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Figure 6.1: Relative change in elemental oil composition for 125 hr test during engine run-in (break-in)
period.
Several observations can be made from this graph. First of all, iron (Fe) concentration
rise substantially faster and to much higher values (up to 144%) than the rest of the
elements. This is due to the great significant amount of wear that occurs within the
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engine during the run-in period. In general, iron concentrations are fairly constant unless
the engine has lubrication problems inducing high wear rates. It can also be seen that the
rate of change of calcium (Ca) and magnesium (Mg) are reasonably comparable.
Likewise, phosphorus (P), sulfur (S) and zinc (Zn) also change in the oil at similar rates.
The results obtained from the second and third tests were very similar between
each, but when compared to the first test, some important differences can be observed.
Because oil was sample only at the beginning and the end of the test, it was useful to
incorporate linear trend lines that would clearly illustrate the results that would be
predicted based on the data obtained. Fig. 6.2 shows charts for both tests, with
experimental values and trend lines included.
Test -74 hrs Test 2 - 50 hrs
0.2 . .. .. ..... ..
0.15 - 0.2 * Ca
. 0.1 : 0.15
Rza ~ 0 ° 5 L ; L L / -____________________ Lnear(Ca)
0 ° 0.05 .-- Linear (Mg)
1 0 20 0 40- . .0. 70 .Linear (Z)
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Figure 6.2: Change in elemental oil composition of samples taken during 74 and 50 hr tests. Trend lines
were included to make the results more understandable.
The same pattern for Ca and Mg can be observed in these tests, especially through
the use of the trend lines. Interestingly, the P and Zn concentrations decrease, in contrast
to the first test, where they increase, even if they do at a very slow rate and maintain a
fairly constant change through out the test. In order to more accurately determine how
and why this occurs, more data points in between the end state would be helpful.
The behavior observed in Fig. 6.1 and Fig. 6.2 can be due to several processes that
take place as the oil is used in the engine and eventually consumed. Calcium and
magnesium compounds are part of the oil additive package to provide and maintain a
proper TBN in the oil, preventing the corrosive effects that increased oil acidity due to
exposure to combustion may have on engine components. These Ca and Mg compounds
are less volatile; hence they are not eliminated by the process of oil evaporation that
occurs in the cylinder. This means that Ca and Mg are then recollected in the oil,
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increasing their concentration in the oil sump over time. Even if not completely obvious,
this behavior can be observed from Fig. 6.1. Between approximately 50 and 100 hrs the
concentrations of P and Zn do decrease, which would correspond to the data from the 74
and 50 hr tests.
It would be expected that the behavior of zinc and phosphorus was similar, and
indeed in Fig. 6.1 it is shown that the concentrations do increase, but Fig. 6.2 shows a
different result. It is necessary to notice that the time scale of the test presented in Fig.
6.2 is shorter than in Fig. 6.1. Zn and P compounds in the oil have anti-wear
characteristics. These compounds form wear films as the engine starts its operation cycle
and the viscosity of the oil is higher due to lower initial temperatures. As the oil gets
hotter, the wear films also become thinner, returning Zn and P to the oil in the sump.
Even if not completely obvious, this behavior can be observed from Fig. 6.1. Between
approximately 50 and 100 hrs the concentrations of P and Zn do decrease, which would
correspond to the data from the 74 and 50 hr tests.
Total Base Number (TBN) was also measured in the samples taken from the second
and third tests. From Fig. 6.3 it can be observed that the change in TBN is not very
significant for the duration of the testing period where the engine was operated.
Normally, a decrease in TBN over time is expected due to oil its constant exposure to the
acidity of combustion.15 -..-.
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Figure 6.3: Total Base Number (TBN) measurement for 74 and 50 hr tests. Samples were taken at the
start and conclusion of the tests.
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The reasoning behind why the TBN does not decrease has a direct relationship with
the Ca and Mg composition increase in the oil that occurs throughout the tests. As
explained before, Ca and Mg are bases used to counteract the effect of combustion
acidity on the oil. Oil consumption increased Ca and Mg in the oil, which was not altered
with new oil during the tests. This increase then resulted in a higher basicity, or more
specifically, in a higher TBN than what was initially measured in the oil. It would mean
that the rate at which the oil is being consumed and Ca and Mg returned to the sump is
somewhat higher than the rate at which the oil is neutralized against combustion acidity.
6.2 Oil Consumption
Oil consumption was measured during a 10 hr run at 75% load as was done with the
other tests. The oil consumption measuring system was operated approximately every 2
hrs, and an oil sample of a measured amount was taken. Fig. 6.4 below summarizes the
results from the oil consumption measurements. The system extracted oil from the sump
until the minimum operational oil level was reached. The change in oil extracted by the
system, hence its mass, indicated the oil consumption in the engine during this operation
period. Oil samples of 16 g, 17 g and 13 g were taken at 0, 2 and 4 hrs, respectively.
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Figure 6.4: Oil mass measurements over 10 hrs of operation. The reduction in oil mass is indicative of oil
consumption in the engine.
The general result is that oil is being consumed, so the oil mass extracted decreases
with time. Interestingly, it decreased at a reasonably linear rate. The increase from 0 to 2
hrs can be straightforwardly explained. The oil taken at 0 hr was cold, which meant that
its properties were different, e.g. higher viscosity and higher density, than the heated oil
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after 2 hrs of operation. This meant that the oil would have distinct transport properties,
and the actual consistency of the oil in the cylindrical container was also going to be
different. For this reason, the oil mass measurement at 0 hr was discarded for the oil
consumption measurement and the one taken at 2 hrs was considered the base value.
From the oil mass measurement, the oil consumption values throughout the test were
measured and plotted in Fig. 6.5. It is important to note, that an oil leak was later found,
which explain the fairly high magnitude of the oil consumption values, but the form of
the data should be similar if the leak was not taken into account.
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Figure 6.5: Engine Oil Consumption vs. Time
It can be seen from Fig. 6.5 above that the oil consumption in the engine increases
with time, although longer tests are required to determine if it stabilizes at a certain point.
Because engine temperature increases during operation, more oil is probably evaporated
and exhausted as engine emissions. Wear can also play an important role in oil
consumption increase. In particular, piston rings can wear and lose sealing, increasing
the amount of oil leaked into the combustion chamber and into the exhaust system.
After the test, 268 g of oil were added to reach the normal operation level of the oil
in the sump. If the 17 g and 13 g from the samples and the 8 g extracted into the oil
consumption measuring system at the end of the test are added, then 38 out of the initial
300 g were then not consumed by the engine, and 262 g were consumed. This indicates a
2.2% error from the oil consumption measuring system. Measurement errors in this
system are probably due a small amount of oil hold-up in the valves and hoses.
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CHAPTER
7
CONCLUSIONS AND RECOMMENDATIONS
This Thesis project consisted of experimentally measuring the variation of oil sump
composition of a single-cylinder diesel generator set during a continuous running, steady
state test. The oil composition was then measured using ICP-AES (ICP-OES) elemental
analysis technique, and the Total Base Number for the oil was also determined. An
effective and reduced cost oil consumption and replenishing system was developed with
this purpose. These results can then be used to determine the possible effects of oil
composition and oil consumption on Ash emissions and exhaust aftertreatment
technologies, as well as on the environment.
I was seen from the oil composition data that the concentration of
inorganic/metallic compounds, which included calcium, phosphorus, zinc, and
magnesium, increased throughout the test. The oil consumption measuring system was
also found to be fairly accurate; with an approximate 2.2% error, probably due to oil
hold-up in valves and hoses, based on the actual amount of oil that had to be added to the
sump to return to the normal operation level. Oil consumption was also found to
increase over time. The amount by which these ash-contributing elements increased
could be related to the increasing rate of oil consumption in the engine as operation time
progressed. The change in the oil composition had also a likely increasing effect on TBN
measurement probably because the rate of oil consumption was higher than the rate of oil
neutralization by exposure to the acidity of combustion.
The increase in metallic/inorganic compounds in the oil, combined with increased
oil consumption over time will certainly have a negative effect on engine aftertreatment
performance. It was found from previous research that ash and sulfur emissions have
detrimental effects on catalytic converters and particulate filters. If the oil has a larger
ash composition, and it is also consumed at a larger rate, then the ash composition in the
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engine-out emissions will also be more significant. This increased ash and sulfur
emissions could then either poison the catalyst or physically plug the particulate filter,
greatly decreasing emission control system efficiency and engine performance in general.
The research done in this experiment must be refined and more tests have to be
performed if more representative data is to be obtained. The oil consumption measuring
system was designed late in the process, which did not permit performing longer tests as
initially planned. Oil consumption testing must also be done during the actual tests
where oil composition is tested. This way a better relationship of oil consumption on oil
sump composition can be determined. Oil sampling could also be done in different parts
of the engine, providing information on ash formation and transportation within the
engine, which may aid in the process of designing better lubricants or lubrication systems
that take ash and related compounds into account, and offer better ways to control it
prevent its release into the exhaust system. Testing with different types of oils is also
extremely important because it could provide a simple solution to reducing ash
emissions. Even though the oil consumption measuring system worked well, increasing
its accuracy and precision will certainly be helpful. Reducing length in the piping system
can help in minimizing oil holdup. The glass cylindrical container/digital scale/sampling
line interface could also be made more robust to prevent measurement errors coming
from involuntary movements of the system and other effects of the sort. Finally, a
polycarbonate burette could decrease the process time because it is much harder to break,
and the pressures inside when extracting from or returning the oil into the engine sump
do not have to regulated as tightly.
The increasingly stricter diesel engine emission regulations necessitate higher
efficiency emission control systems. A lot of research is still to be done to clearly
determine the effects of ash and lubricant-related emissions in order to develop
aftertreatment technologies that will directly target these concerns. This will assure a
future for diesel engines in the transportation segment, and even increase their use in the
US light duty sector, taking advantage of the high efficiency/low fuel consumption
benefits that characterize diesel engines.
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